Abstract-In this paper, we report on a study on gaze behavior by children with Autism Spectrum Disorder (ASD) during a dyadic interaction in a naturalistic environment. Twelve children with ASD were contrasted to twelve typically developing (TD) children, in a semi-structured interaction with a selection of items from the Early Social Communication Scale (ESCS). We used the WearCam, a novel head-mounted eye-tracker designed for children, to obtain gaze information across the broad field of view from the viewpoint of the child. Children with ASD looked downwards more often, and explored their lateral field of view more extensively compared to TD children. We discuss a number of hypotheses in support of these observations.
I. INTRODUCTION
Autism Spectrum Disorder (ASD) is a developmental disorder that touches 1 every 160 children [1] . ASD presents itself in impairments in social interaction, communication and in stereotypical and repetitive behaviors. A number of atypical visual behaviors and viewing strategies have been reported in children with autism, such as reduced gaze towards social stimuli, preference for the mouth region rather than the eyes when looking at a face or difficulties in attention shifts [2] , [3] , [4] . The study of how children explore and scan their field of view, and how this relates to their way of observing or interacting visually with objects and people, has been the subject of some work. Early studies of children with ASD observed that children often looked from the corner of the eyes [5] when looking at other people. A symptom commonly associated with ASD is the phenomenon of downcast gaze [6] . In a study of children with ASD playing and exploring objects, [7] reported an unusual amount of lateral glances, or instances of gaze directed to the extreme of the lateral (horizontal) field of view. These observation have been linked to accounts of hypo-and hyper-sensitivity to visual stimuli, and suggest the use of these atypical visual behavior as compensating strategies [7] . The quantitative evidence in support of these hypotheses is, however, still scarce [8] .
The studies on visual behavior in ASD are usually conducted either in laboratory settings, using monitor-based eyetrackers ( [3] , [4] settings, in which observation through external video cameras is manually analyzed. The former approach allows to automatically obtain precise measurements, but the interaction is limited as the tracking is restricted in the space of a monitor. The latter requires an extremely long analysis time, as multiple raters have to manually assess the behavior of the child to ensure reliable results (e.g. [7] ). However, naturalistic interactions can elicit more natural behaviors from the child [9] , [8] , and can therefore provide a better insight on the usual behavior of individuals with autism.
To address the drawbacks of evaluation in naturalistic interactions, we have developed the WearCam [10] , a headmounted eye-tracker designed specifically for young children, which allows the recording of the field of view as seen by the child, and to simultaneously record the direction of the child's gaze. The technical aspects of the device (shown in Figure 1 ) will be described in Section II-B. The WearCam is novel in that it allows to study the gaze of the child during natural interactions from the point of view of the child, and this across the whole field of view. This opens the door to the measurement of elements of visual behavior, such as gaze directed to the side of the field of view, that have not been studied extensively yet.
In this paper we present a study of 24 children (12 children with ASD, and 12 typically developing) interacting in a natural environment with an adult experimenter. We have chosen a selection of items from the Early Social Communication Scale (ESCS [11] ), to display the potential of using the WearCam in the scope of clinical assessment and research. We focus our analysis on the use of gaze across the whole field of view. 
II. METHODS

A. Participants
We recruited twelve children with ASD (11 boys, 1 girl) from the Child Psychiatric departments of the University hospitals of Lausanne and Geneva in Switzerland. Their Chronological Age (CA) in years was [2.9 − 8.8] (M=5.3 SD=1.8). Their diagnosis was confirmed using the ADI-R test. They were matched on gender and Developmental Age (DA) with twelve Typically Developing (TD) children (CA:
). The DA were assessed using the Vineland Adaptive Behavior Scale [12] . The mean scores and SD of the two groups for each sub-scale are presented on Table I . Each child participated to a recording session that lasted a maximum of 10 minutes. All parents had given their written informed consent including permission to use video recordings and pictures of the children for scientific publications. The experimental protocol and consent form had been approved by the Ethics Committee of the University Hospitals of Geneva and Canton de Vaud. 2.9 ± 1.7 2.9 ± 1.6
Chronological Age 5.3 ± 1.8 3.3 ± 1.9 a mean ± standard deviation b used to match devel. age
B. Apparatus
The experiments were recorded using the WearCam [10] , a head-mounted eye-tracker designed specifically for children. The system is composed of two cameras placed on the forehead of the child, which record the field of view in front of the child, and of a small mirror, driven by a servo motor allowing to reflect the eyes of the child into one of the two cameras (see Figure 2) . The WearCam is mounted on an adjustable strap or on a child's cap, and weights 180g (straps/cap included). its cameras record a combined image of 384x576 pixels at 25 or 50 frames per second. The field of view recorded by the WearCam is very wide (96
• by 96
• ), which is more than twice that of any existing eyetracker, and allows to study gaze when it is not directed in the middle of the field of view. A mapping from the pixel information of the eyes image to the coordinates of the gaze direction is obtained through Support Vector Regression [13] , which allows to extract information about gaze without explicitly computing geometrical features of the eyes. This allows the system to compute the direction of gaze even when the iris and pupil are not visible (e.g. when the child is looking downwards) and therefore to have a coverage of gaze tracking across the whole field of view from the WearCam images. The SVR mapping from the eyes image allows to compute the direction of the gaze of the child with an average accuracy of 2.42
• [10] . The WearCam does not require an active calibration from the child: a calibration phase is performed by the experimenter post hoc; this facilitates the recording phase and allows the equipment to be used with children who might not be able to cooperate in a calibration phase. 
C. Procedure
The experimental protocol comprised four items selected from the abridged version of the ESCS 1 test [11] . The items presented were: Blowing soap bubbles, Playing with a windup mechanical toy, Playing with a toy car and Playing with a small ball. These items focused on the observation and exploration of objects (Soap Bubbles and Wind-up Toy) and on turn taking (Small Ball and Toy Car). The protocol lasted in all cases between 5 and 10 minutes and was administered in a naturally lit room. The child was sitting at a table on a child-sized chair, while the experimenter administering the protocol sat at the opposite side of the table also on a low chair (see Figure 3) . The experimenter presented the items and interacted with the child. At all times, the people present in the room consisted of the child, the experimenter, a silent observer and a parent. The parent was placed behind the child and did not interact with her for the duration of the experiment. The observer also was placed behind the child at a distance of several meters so as to minimize the interference on the child's attention.
As the WearCam requires no calibration, the experiment started as soon as the WearCam had been fastened to the child's head and the mirror aligned so that the child's eyes were clearly visible in the camera's image. In a few instances, the camera moved on the head of the child during the experiment (5 instances out of 20 recordings). When that happened, the observer would use a remote control to realign the mirror with the eyes of the child. These occurrences did not seem to interrupt the experiments and did not distract the child. 
D. Data Analysis
The analysis of the data from the WearCam was obtained through the algorithms described in the previous section. Three trained raters collected calibration samples for the gaze tracking for each recording individually. The collection of calibration samples was effectuated as follows. The rater opened the video in a custom-made software, which displayed the original image of the WearCam, an image of the child's eyes and an image of the field of view recomposed from the two camera images. The rater went through the video and identified instances in which it was easy to infer the direction of the gaze from the image of the eyes and the context (e.g. when the child reached for an object, the eyes shifted in the direction of the object, which allowed the experimenter to accurately place a calibration point on the object). The system automatically recalibrated for each new calibration sample. The calibration procedure stopped when 50-70 calibration samples had been collected. This process took on 10-15 minutes per video. The raters were blind to the goals of the study and to the diagnosis of the participants. We assessed the inter-rater reliability on the tracking of gaze, by comparing the rating of over 40 minutes of video that was labelled by all three raters. The correlation between raters was > 0.9.
To maintain consistency across experiments, each recording was split into four parts corresponding to each item presented to the child. These corresponded to each ESCS item presented by the psychologist. This segmentation resulted in item-subsets of durations ranging from 1 to 3 minutes. For each recording, we computed the trajectories of gaze across the broad field of view, and evaluated their distribution (mean angles and standard deviations) across the vertical and lateral axes. For each child, an average of 15.95 min (SD=5.26) of usable video were collected (this corresponds to ∼ 24'000 (SD 7'800) frames in which gaze information was present).
We collected the trajectories of gaze for all the recordings and combined the coordinates of gaze from each group to obtain two histograms of the gaze direction throughout the experiments. We then defined the following measurement variables Gaze Vertical Mean (X 1 ), Gaze Vertical Dispersion (X 2 ), Gaze Lateral Mean (X 3 ), and Gaze Lateral Dispersion (X 4 ). Dispersion was computed as the standard deviation of the gaze distribution. A mixed design ANOVA test was run independently for X 1,...,4 with between-subject factor Diagnosis ({ASD, TD}) and within-subject factors Developmental Age (Continuous variable) and Item ({bubbles, mouse, car, ball}). We verified the gaussianity of the distribution of our measurements using a Kolmogorov-Smirnoff test, and ran student t-tests on each measured variable accounting for the Diagnosis factor.
III. RESULTS
The results collected from the analysis of the recordings is summarized in Table II and III. The 3-Way ANOVA on all variables revealed a main effect on the X 1 and X 2 variables for Diagnosis (F X1 (1, 87) = 12.82, P < 0.001 and F X2 (1, 87) = 5.94, P = 0.019) and Item (F X1 (3, 87) = 7.22, P < 0.001 and F X2 (3, 87) = 4.27, P = 0.009). No interaction between factors was observed. The effect of item on the child's gaze is not surprising, as different tasks may elicit different types of gaze behavior (e.g. blowing bubbles vs. playing with a toy car). As each child played each item for comparable amounts of time, the experiment is not biased by this effect. Figure 4 displays a boxplot representation of the use of Vertical and Lateral gaze. Compared to TD children, children with ASD presented gaze patterns that appeared more often in the lower part of the vertical field of view, and that were more dispersed in the lateral field of view. Indeed, children with ASD kept their gaze directed significantly lower than TD children (−0.66
• vs 7.63 • , p < 0.001, DF:86) and explored the lateral field of view more extensively (13.74 • vs 11.47 • , p < 0.005, DF:86). IV. DISCUSSION Our results are in support of the phenomenon of downcast gaze in autism. [6] explains the downcast gaze as a response sensory overload coming from a hypersensitivity to visual stimuli. By looking downward, children with ASD can look at static elements (table, ground) that are less likely to perturb them. In our experiments, the upper part of the field of view (see Figure 3) contained most of the visual stimuli (e.g. experimenter, windows); a hypersensitivity to these stimuli would explain a downcast gaze. This hypothesis is supported by the theory of Enhanced Perceptual Functioning (EPF) [14] which suggests that ASD children are overly sensitive to high frequency visual signals and proposes the use of an eccentric viewing strategy as a way to filter these signals [7] . Our findings in terms of exploration of the lateral field of view are consistent with this idea. Indeed, visual acuity diminishes gradually when directing the eyes sideways [15] . A strategy of eccentric viewing would therefore allow to reduce the sensory overload. This becomes important in the case of faces, which are a known element of atypical gaze behavior in autism (see [8] for a review). We are currently analyzing our data to evaluate to what extent lateral gaze is specifically used when the gaze is directed to the face of the experimenter. In contrast to [7] , which reports only instances of extreme lateral gaze, our results seem to indicate the use of eccentric viewing as a continuous strategy across the whole field of view. Indeed, lateral glances correspond to when the gaze is directed to the extremes of the field of view. These occurrences do not suffice to explain the statistical differences we found in the two populations, as they only account for the outside parts of the field of view.
This study shows the advantages of using a tool such as the WearCam, to study the gaze of children in a natural interaction. The WearCam was designed for children as young as 1 year of age. It may hence be used to study the early development of vision and how it is affected by ASD. Moreover, it allows to study gaze across the whole field of view, giving us a greater access to how the world appears to children with ASD and, hopefully, a better insight on how they perceive what is around them. 
